Tomato fruits accumulate a diverse set of volatiles including multiple esters. The content of ester volatiles is relatively low in tomato fruits (Solanum lycopersicum) and far more abundant in the closely related species Solanum pennellii. There are also qualitative variations in ester content between the two species. We have previously shown that high expression of a non-specific esterase is critical for the low overall ester content of S. lycopersicum fruit relative to S. pennellii fruit. Here, we show that qualitative differences in ester composition are the consequence of divergence in enzymatic activity of a ripening-related alcohol acyltransferase (AAT1). The S. pennellii AAT1 is more efficient than the tomato AAT1 for all the alcohols tested. The two enzymes have differences in their substrate preferences that explain the variations observed in the volatiles. The results illustrate how two related species have evolved to precisely adjust their volatile content by modulating the balance of the synthesis and degradation of esters.
INTRODUCTION
The unique flavors of different fruits are, in large part, dependent on complex blends of organic volatile compounds (Klee, 2010) . Volatile content is likely the result of selection pressures based on several factors including attraction of seed-dispersing agents and defense against herbivores and pathogens. The unique fruit aroma of each species, even within a genus, is therefore a complex evolutionary process involving multiple metabolic pathways, fine tuned to the environmental pressures faced by that species. The volatiles of the tomato fruit are mostly derived from amino acids, fatty acids, and carotenoid precursors (Baldwin et al., 2008; Rambla et al., 2014) . Individually, these compounds smell nothing like tomato but together they form the typical aroma of tomato that we have learned to love (Goff and Klee, 2006; Bartoshuk and Klee, 2013) . From a human perspective, some of these volatiles affect our preference while others have little or no influence on liking. Consumer preference panels conducted with a large, diverse set of tomato varieties identified volatiles that are positively or negatively correlated with human preferences . Among them, individual acetate esters as well as total acetate esters are negatively correlated with preference .
Volatile esters contribute to the characteristic aroma of many fruits and flowers. Their aromas are generally described as fruity or floral-like. Examples of species accumulating a significant amount of esters in their fruits or flowers include banana, apple, rose, melon, and strawberry (Macku and Jennings, 1987; Perez et al., 1992; Shalit et al., 2003; Holland et al., 2005; Kourkoutas et al., 2006) . Volatile esters are also found in vegetative tissues of most species. cis-3-Hexenyl acetate, for example, is one of the most abundant volatiles emitted from mechanically or herbivore-damaged Arabidopsis thaliana plants (D'Auria et al., 2007) and can prime a defense response in surrounding plants (Engelberth et al., 2004; Frost et al., 2008) . These results are consistent with a role for esters in plant defense and plantto-plant signaling. Volatile esters are produced by alcohol acyltransferases that catalyze esterification of an acyl moiety from an acyl-coenzyme A (acyl-CoA) donor onto an alcohol. The widely distributed acetate esters are formed with acetylCoA (2 carbons), while butyrate esters or hexanoate are derived from butyryl-CoA (4 carbons) and hexanoyl-CoA (6 carbons), respectively. Acetate esters are the only volatile esters easily detectable in the tomato fruit, with the exception of methyl salicylate, which is formed by an O-methyltransferase rather than an alcohol acyltransferase Tieman et al., 2012) .
In contrast to the fruits of many species, volatile ester levels are relatively low in tomato fruit. We previously showed that high expression of an esterase gene (SlCXE1) is one of the major determinants of low acetate ester accumulation in ripe tomato fruits . The tomato clade can be divided into two subgroups based on fruit characteristics: the red-fruited group and the green-fruited group. The red-fruited species of the clade have relatively low fruit acetate ester content while the greenfruited species accumulate much higher fruit acetate ester levels. The difference between the two groups is associated with insertion of a retrotransposon adjacent to SlCXE1, the most enzymatically active member of a family of esterases. This insertion causes higher expression of SlCXE1, resulting in reduced levels of multiple acetate esters. The fact that the insertion was evolutionarily fixed in the red-fruited species suggests that low ester content provided an evolutionary advantage for the ancestors of the red-fruited species in their environment. Of the greenfruited species in the clade, Solanum pennellii is one of the highest volatile ester producers . S. pennellii grows in an arid coastal environment of Peru and produces small green fruits of $1 cm (Rick and Tanksley, 1981; Warnock, 1991; Nakazato et al., 2010) . The fact that S. pennellii and S. lycopersicum are so different in their ester content raises questions about the synthetic and catabolic pathway in the two species. Our goal here was to determine if there are differences in the alcohol acetyltransferase enzymatic activity, in addition to the already identified esterase differences, between the two species.
RESULTS

Identification of Alcohol Acyltransferases in Tomato
Analysis of the tomato genome (Tomato Genome Consortium, 2012) was performed to identify putative alcohol acyltransferase based on homology to known enzymes in other species. Five genes were identified after removal of pseudogenes with shorter coding sequences; SlAAT1 (Solyc08g005770), SlAAT2 (Solyc08g005760), SlAAT3 (Solyc07g049660), SlAAT4 (Solyc07 g049670), and SlAAT5 (Solyc05g015800). Phylogenetic analysis with known alcohol acyltransferases indicates that all the tomato AATs belong to the same subgroup of alcohol acyltransferases, subgroup III (Figure 1 ). SlAAT1, SlAAT2, and SlAAT5 group together and form a separate clade in the subgroup. SlAAT3 and SlAAT4 associate together and with the petunia BPBT. SlAAT1 and SlAAT2 coding sequences are 86% identical and tandemly linked on chromosome 8. SlAAT3 and SlAAT4 are more distant from SlAAT1 ($60% identity for the coding sequence) and are tandemly linked on chromosome 7. SlAAT5, located on chromosome 5, is more closely related to SlAAT1 and SlAAT2 with 87% identity to SlAAT1. Quantitative PCR analysis was performed to assess the expression of the five alcohol acyltransferases in fruit. Of these candidates, only SlAAT1 was highly expressed in ripe fruits (Figure 2A) . Expression of SlAAT2-SlAAT5 was less than 0.02% of the level of SlAAT1. Given the negligible expression of the other four alcohol acyltransferases in ripe fruit, we concluded that SlAAT1 was the most likely candidate responsible for the production of acetate esters in fruits. The pattern of expression throughout fruit development was analyzed to see if expression of the different alcohol acyltransferases, and in particular SlAAT1, is ripening related. As expected for a flavor-related gene, SlAAT1 increased sharply during fruit maturation ( Figure 2B ). The expression of SlAAT2, SlAAT3, SlAAT4, and SlAAT5 was low at all stages of fruit development, although there was variation in expression during ripening. SlAAT2 and SlAAT4 expression increased throughout ripening, while the expression of SlAAT3 and SlAAT5 was negatively affected by the ripening process (Supplemental Figure 1) .
Suppression of SlAAT1 in Tomato
To confirm the function of SlAAT1, we silenced the gene with an antisense construction. Multiple lines with reduced expression of SlAAT1 were obtained in cv. Flora-Dade (Figure 3) . Expression of the other four alcohol acyltransferases was also assessed. Expression of SlAAT3 and SlAAT4 was not altered in the transgenic lines, but there was reduced expression of SlAAT2 and SlAAT5, although not to the same extent as SlAAT1 (Supplemental Table 1 ). This reduction in SlAAT2 and SlAAT5 is not unexpected given their homology to SlAAT1. The volatile content of the ripe fruits was measured in transgenic and control lines to determine the impact of the antisense construction. Accumulation of acetate esters was reduced to nearly undetectable levels in all the transgenic lines (Figure 3) . These results confirm the function of SlAAT1 in the accumulation of esters in the fruit of tomato.
Analysis of an Introgression Line from S. pennellii
Given the high content of ester volatiles in the fruits of S. pennellii compared to S. lycopersicum , we were interested to know if AAT1 has a significant role in the observed differences. A population of introgression lines (ILs) containing defined segments of the S. pennelli genome in a tomato background (Eshed and Zamir, 1995) was used to assess potential functional differences between the alcohol acetyltransferases on ester content. IL 8-1-5, located at the top of chromosome 8, includes AAT1 and AAT2. The small introgression replaces the S. lycopersicum genes and a relatively small portion of chromosome 8 with the S. pennellii genes, keeping the rest of the tomato genome intact. This small introgression permitted us to examine the effects of the S. pennellii AAT in the absence of confounding loci that greatly alter the substrate and product content of S. pennellii fruit (Supplemental Figure 2) . The volatile content of ripe fruits was analyzed and compared to that of the tomato parent, cv. M82 ( Figure 4 ). IL 8-1-5 accumulated significantly higher levels of multiple acetate esters, including several straight chain alcoholderived esters such as propyl acetate, butyl acetate, and hexyl acetate. While every detectable acetate ester was more abundant in IL 8-1-5, the magnitude of the increase varied considerably for each compound. For example, while 2-methylbutyl acetate content was similar in M82 and IL 8-1-5 ($two-fold difference), the structurally similar 3-methylbutyl acetate was far more abundant in IL 8-1-5 ($150-fold difference). The differential accumulation is notable given that the only difference between the two substrates is the position of the methyl group. Despite the fact that S. pennellii accumulates other types of esters, including ethyl propionate and 3-methylbutyl hexanoate (Supplemental Table 2 ), only acetate esters were detected in IL 8-1-5 with the exception of traces of ethyl propionate (0.05 ng/g fresh weight/h).
One possible explanation for the higher content of esters in IL 8-1-5 was increased expression of one of the alcohol acyltransferases. Quantitative RT-PCR for AAT1-5 was performed on the IL and the control. AAT1 expression was not different between IL 8-1-5 and M82 (Supplemental Table 3 ). Expression of the other alcohol acyltransferase located within the IL, AAT2, is lower in IL 8-1-5. There were no differences in expression between M82 and IL 8-1-5 for the three SlAAT genes located outside the introgression or chromosome 1 SlCXE1. The experiment confirms that AAT1 is the only alcohol acyltransferase highly expressed in the ripe fruit of both M82 and IL 8-1-5. Overall, these results rule out increased expression of the alcohol acyltransferases to explain the elevated ester (A) Transcript levels of SlAAT1 in ripe fruits of three silenced transgenic lines relative to their control, Flora-Dade (±SE, n = 6).
(B) Emission rate of ester volatiles from the cut tomato fruits of transgenic plants and their control (±SE, n = 6) (**P < 0.01).
content of IL 8-1-5. Rather, the results suggest a difference in AAT1 catalytic activity between tomato and S. pennellii as the cause of the differences in ester content.
Enzymatic Characterization of AAT1
The sequence of the S. pennellii AAT1 (SpAAT1) is 93% identical to the sequence of SlAAT1 with 29 variations out of the 442 amino acids. While the modeled structures of the two enzymes are similar, there are several changes near the active site and in the solvent channel that could affect enzyme activity (Supplemental Figure 3) . To determine whether the overall variations in sequence between SlAAT1 and SpAAT1 affect enzymatic properties, both cDNAs were cloned and the recombinant proteins were purified by affinity chromatography. Specific activity was tested against a wide range of alcohols found in tomato fruit ( Figure 5 ). SlAAT1 was more active against 2-methyl-1-butanol and isobutanol among the alcohols tested, while SpAAT1 was more active against 3-methyl-1-butanol and butanol. The difference in substrate preference correlates with the variation observed in the volatile profile between M82 and IL 8-1-5. For example, SpAAT1 was more active against butanol and 3-methyl-1-butanol than SlAAT1 and IL 8-1-5 accumulated significantly more butyl acetate and 3-methylbutyl acetate. To better understand the enzymatic properties of SlAAT1 and SpAAT1, kinetic measurements were performed using selected alcohols (Table 1) . Depending on the alcohol, the variation in the protein sequence between SlAAT1 and SpAAT1 changed both the turnover number (k cat ) and the affinity (K m ), or in some cases only the turnover number. The S. pennellii enzyme was more catalytically active under saturating conditions (k cat ) with all of the alcohols tested, but the relative increases varied considerably among the substrates. The smallest difference was observed with 2-methyl-1-butanol (less than two-fold) while the largest difference was observed with 3-methyl-1-butanol (more than 16-fold). SpAAT1 exhibited lower K m values than SlAAT1 for several alcohols, including benzyl alcohol and 3-methyl-1-butanol. However, SlAAT1 and SpAAT1 had similar K m values for other alcohols, including 2-methyl-1-butanol and isobutanol. The k cat /K m ratio is a measure of enzyme efficiency and the S. pennellii enzyme had a higher ratio for all substrates tested. While the increase was slight for 2-methyl-1-butanol, the k cat /K m of S. pennellii for 3-methyl-1-butanol and butanol was 36-and 18-fold higher, respectively, than that of the tomato enzyme. The difference in efficiency correlates well with the volatile variations observed between M82 and IL 8-1-5, confirming that the phenotype of IL 8-1-5 is linked to SpAAT1 activity.
E t h y l a c e t a t e P r o p y l a c e t a t e B u t y l a c e t a t e P e n t y l a c e t a t e H e x y l a c e t a t e c i s -3 -H e x e n y l a c e t a t e 3 -M e t h y l b u t y l a c e t a t e 2 -M e t h y l b u t y l a c e t a t e I s o b u t y l a c e t a t e s e c -B u t y l a c e t a t e All esters detected are significantly different between M82 and IL 8-1-5 (P < 0.01).
E t h a n o l ( 1 ) P r o p a n o l ( 2 ) B u t a n o l ( 3 ) P e n t a n o l ( 4 ) H e x a n o l ( 5 ) c i s -3 -H e x e n -1 -o l ( 6 ) 3 -M e t h y l -1 -b u t a n o l ( 7 ) 2 -M e t h y l -1 -b u t a n o l ( 8 ) I s o b u t a n o l ( 9 ) s e c -B u t a n o l ( 1 0 ) B e n z y l a l c o h o l ( 1 1 ) 2 -P h e n y l e t h a n o l ( 1 2 ) 
(10) Since S. pennellii can accumulate volatiles derived from longer acyl-CoA compounds such as hexanoyl-CoA, we examined whether SlAAT1 and SpAAT1 can use other substrates than acetyl-CoA. Specific activity assays were performed using acetyl-CoA, propionyl-CoA, butyryl-CoA, and hexanoyl-CoA as co-substrates and 2-methyl-1-butanol as the alcohol (Figure 6 ). Both enzymes were able to use the four substrates but there were major differences in the levels of activity between SpAAT1 and SlAAT1. The tomato enzyme was most efficient with acetylCoA and its activity decreased with the length of the acyl-CoA chain. The S. pennellii enzyme effectively used all the acyl-CoA substrates tested and no decrease in activity was measured between acetyl-CoA and hexanoyl-CoA. While both enzymes had equivalent activity with acetyl-CoA, SpAAT1 is 75-fold more active with hexanoyl-CoA, illustrating the versatility of the S. pennellii enzyme in comparison with the tomato enzyme. Since both species accumulate mainly acetate esters, acetyl-CoA was used to further characterize the kinetic properties of the enzyme (Table 2 ). SlAAT1 had a higher affinity for acetyl-CoA than SpAAT1, but the S. pennellii enzyme had a higher turnover number than the tomato enzyme. The observed values are in the same range as those for other published AAT enzymes (Beekwilder et al., 2004; Cumplido-Laso et al., 2012) . The k cat / K m ratio suggests a slight advantage of SpAAT1 over SlAAT1 for acetyl-CoA, but this advantage is highly dependent on the concentration of acetyl-CoA and the alcohol.
DISCUSSION
The flavor of a tomato is dependent on a mixture of at least 30 different compounds derived from multiple molecular pathways Rambla et al., 2014) . This complexity has proved challenging for breeding programs and modern cultivars are often seen by consumers as less flavorful than heirloom varieties (Klee and Tieman, 2013) . Molecular tools that track flavor quality would, therefore, be helpful in guiding variety selection. Molecular tools for flavor improvement are, in turn, dependent on understanding the metabolic pathways responsible for the synthesis of the most important flavorassociated chemicals. Volatile esters negatively contribute to consumer liking Tieman et al., 2012) and their accumulation is affected by both anabolic and catabolic enzyme activities. The identification of an alcohol acyltransferase responsible for ester synthesis in tomato fruit is a key step in establishing the metabolic basis for ester variation between cultivars. Such a strategy has been proved to be successful for other plants such as apple and strawberry, where molecular markers for volatile production have been developed (Dunemann et al., 2012; Chambers et al., 2014; Souleyre et al., 2014) . Our consumer results indicate that it is desirable to decrease the content of esters in tomato fruits and identification of AAT1 as the most important anabolic enzyme is an important step to reach that goal. It will be particularly interesting to identify knock-out mutations in AAT1 to quantitatively assess the specific contributions of esters to consumer liking and introduce such mutations into breeding programs.
Alcohol acyltransferases producing ester volatiles are widely distributed in the plant kingdom. They are associated, for example, with flower aroma, defense against herbivores, and fruit flavor (Beekwilder et al., 2004; Guterman et al., 2006; D'Auria et al., 2007) . It is therefore not surprising to find several alcohol acyltransferase paralogs in the tomato genome. However, of the five SlAAT genes, only SlAAT1 is highly expressed in the ripe fruit. Transgenic plants with reduced SlAAT1 expression accumulate almost no ester volatiles. These results indicate that SlAAT1 is largely, and possibly completely responsible for ester formation in ripe tomato fruits. That a single gene is responsible for fruit volatile ester synthesis contrasts with what is observed in fruits from other species. In strawberry (Fragaria 3 ananassa), SAAT (Aharoni et al., 2000; (Beekwilder et al., 2004) and FaAAT2 (Cumplido-Laso et al., 2012) both influence the ester content of the fruit. In apple (Malus pumila), at least two AAT enzymes are thought to produce ester volatiles (Souleyre et al., 2005; Li et al., 2006) and silencing AAT1 results in a strong decrease of some esters while others remain unaltered (Souleyre et al., 2014) . In melon, several AATs are highly expressed in the fruit, suggesting that several enzymes are producing the esters (El-Sharkawy et al., 2005; Galaz et al., 2013) .
SlAAT1 expression substantially increases during ripening of the tomato fruit, in parallel with genes encoding other volatile-related enzymes, including SlCXE1 and lipoxygenase C (Griffiths et al., 1999; Goulet et al., 2012) . Correlations between expression of flavor-related AAT genes and fruit ripening have been established in several species including grape, papaya, Fragaria 3 ananassa and Fragaria chiloensis (Wang and Luca, 2005; Gonzalez et al., 2009; Balbontin et al., 2010; Cumplido-Laso et al., 2012) . In apple, altering the ripening process with 1-methylcyclopropene decreases the expression of MdAAT2 (Li et al., 2006) . Similar effects were observed with the melon AATs when the fruits Bold indicates a significant difference between SlAAT1 and SpAAT1 (P < 0.01) (n = 3).
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Alcohol Acyltransferase in Tomato Fruit were treated with 1-methylcyclopropene or when ripening was inhibited by an antisense ACC oxidase construction (ElSharkawy et al., 2005) .
Enzymatic characterization of SlAAT1 revealed that the enzyme is able to use a wide range of alcohols as substrates. Such diversity in substrate acceptance was also observed with alcohol acyltransferases from other species, making it a general property of the enzyme (Beekwilder et al., 2004; Souleyre et al., 2005; Galaz et al., 2013) . The efficiency of the enzymes for different substrates varies substantially. SAAT, from F. 3 ananassa, prefers aliphatic alcohols as substrates (C6-C10) and is less efficient with ethanol (Aharoni et al., 2000) . FaAAT2, from the same species, is more catalytically active toward cinnamyl alcohol than the structurally similar benzyl alcohol (Cumplido-Laso et al., 2012) . The Cucumis melo CmAAT1 is highly active with hexanol but far less efficient with octanol as substrate (El-Sharkawy et al., 2005) . All these examples illustrate the specificity in aroma production that each species can acquire while maintaining an overall ability to produce an array of esters.
The differences between SlAAT1 and SpAAT1 enzymatic activity exemplify the diversification that can occur between closely related species. S. pennellii and S. lycopersicum grow in different environments; the green-fruited species thrives in arid areas and S. lycopersicum prefers richer soil and a wetter climate. The two species have evolved to occupy different environments and likely faced different selection pressures (Rick and Tanksley, 1981; Warnock, 1991; Nakazato et al., 2010) . Mutations in the ancestral AAT1 were fixed in their respective populations, suggesting that the successive new forms of AAT1 provided adaptive advantages for each diverging species. Structure modeling of SlAAT1 and SpAAT1 revealed that the sequence differences alter the solvent channel, likely contributing to the disparities observed in protein activity (Supplemental Figure 3) . The transfer of the acyl group from acyl-CoA to the alcohol occurs near the center of the AAT with the two substrates entering from the opposite side of a tunnel. That tunnel structure appears to differ between SlAAT1 and SpAAT1 as both predicted structures exhibit conformational changes, suggesting potential differences in interactions with both the alcohols and the acyl-CoAs. Of the 29 amino acid differences between the two sequences, six are predicted to be directly in the solvent tunnel (Supplemental Figure 3) . While those amino acid changes may affect the ability of the enzyme to interact with substrates, the large number of amino acid substitutions also affect the overall tertiary structure of the protein. Further work will be required to establish the contributions of each amino acid to catalytic efficiency of the enzymes. Two residues have been identified as essential for the activity of the AATs: a histidine and an aspartate that are part of the catalytic motif HXXXD (D'Auria, 2006). A semiconserved serine residue is also thought to be essential for transferase activity as discussed in Galaz et al. (2013) . Both SlAAT1 and SpAAT1 contain that semi-conserved serine (Ser369) and the residue is located as expected near the other two essential residues (His163 and Asp167). Changes affecting the solvent channel were also observed with the four AATs of Cucumis melo (Galaz et al., 2013) .
The tomato enzyme has the highest specific activity with 2-methyl-1-butanol followed by isobutanol. It is perhaps not surprising since both molecules, derived from the branchedchain amino acid pathway, share the same hydroxyl group position relative to the branch. The strongest SpAAT1 activity was observed with 3-methyl-1-butanol, another alcohol derived from the branched-chain amino acid pathway. 3-Methyl-1-butanol has the same chemical composition as 2-methyl-1-butanol, the only difference being that the side branch is located further away from the hydroxyl group. A comparison of AAT1 from both species reveals that the S. pennellii enzyme is more active overall than its tomato counterpart. The biggest difference was measured with 3-methyl-1-butanol and butanol. The generalized increase in activity for all the alcohols tested is particularly noticeable given the structural diversity of the substrates. SpAAT1 also retains activity with longer acyl-CoAs, while the activity of SlAAT1 decreases quickly when the length of the chain increases. Despite the flexibility of SpAAT1 for several acyl-CoAs, IL 8-1-5 accumulates minimal propanoate ester and undetectable levels of butyrate and hexanoate esters in contrast to the fruits of S. pennellii. This lack of accumulation likely indicates limited availability of the longer acyl-CoAs in tomato fruits. Substrate availability is an important part of the ester content in fruits as determined in previous studies with strawberry and kiwifruit (Beekwilder et al., 2004 ; Gü nther et al., 2011). Specific activity (nmol/hour/µg of protein) Figure 6 . Specific Activity of SlAAT1 and SpAAT1 for Different Acyl-CoAs (±SE, n = 3).
The assay was performed with 20 mM of 2-methyl-1-butanol and 0.01 mM of each acyl-CoA (C2, C3, C4, and C6). The differences in activity between the S. lycopersicum and the S. pennellii enzyme are significant for all the substrates (P < 0.01) except acetyl-CoA.
SlAAT1 SpAAT1
K m (mM) (±SE) 0.027 ± 0.001 0.045 ± 0.006
60.69 ± 1.56 84.76 ± 4.66 Table 2 . Enzyme Kinetics with Acetyl-CoA using 2-Methyl-1-Butanol as Co-substrate.
Bold indicates a significant difference between SlAAT1 and SpAAT1 (P < 0.05) (n = 3).
The complexity of ester balance is illustrated by comparing the ester content in wild-type tomato, IL 8-1-5, and IL 1-4 (Supplemental Figure 4) . Increasing AAT activity (IL 8-1-5) shifts the balance of esters relative to decreasing CXE1 activity (IL 1-4). In general, enzyme activity was predictive of acetate content. For example, IL 8-1-5, expressing SpAAT1, produces relatively large amounts of 3-methylbutyl acetate relative to M82, despite an equivalent alcohol substrate content (Supplemental Figure 2) . Presumably, this higher ester content is the consequence of the much higher specific activity of the S. pennellii enzyme for 3-methyl-1-butanol. Similarly, equivalent 2-methyl-1-butanol content in M82 and IL 8-1-5 results in equivalent levels of the ester because the two enzymes have an equivalent specific activity for the alcohol. The influence of substrate is apparent in IL 8-1-5 where the content of cis-3-hexenyl acetate is higher than 3-methylbutyl acetate despite SpAAT1 having higher specific activity toward 3-methyl-1-butanol. This observation can be explained by a much higher content of the precursor, cis-3-hexanol, in comparison with 3-methyl-1-butanol. Similarly, S. pennellii accumulates more 2-phenylethyl acetate and benzyl acetate than IL 8-1-5 because of the higher content of benzyl alcohol and 2-phenylethanol. In total, holding esterase activity constant, the ester content is dependent on both the enzyme activity and the substrate pool.
The characterization of AAT1 puts into perspective the complete ester synthesis/catabolic balance in the fruits of S. lycopersicum and S. pennellii (Figure 7) . Differences between the sequences of SpAAT1 and SlAAT1 result in a higher ester synthesis capacity in S. pennellii than in tomato. This higher anabolic capacity, combined with substantially lower expression of the SpCXE1 esterase , results in high accumulation of esters in S. pennellii. In contrast, SlCXE1 is highly expressed in tomato fruits, causing degradation of esters. The high catabolic activity combined with a lower anabolic potential result in an overall lower accumulation of esters in tomato. It is interesting to see that the two species have diverged in both the anabolic and catabolic component of ester metabolism, achieving a completely different profile of volatiles. Beside the variation in total ester content, modifications in AAT1 have allowed the two species to preferentially accumulate different esters. The balance between AAT1 and CXE1 illustrates the multiple ways in which species can precisely adjust their volatile content.
METHODS Sequence and Phylogenetic Analysis
Multiple sequence alignment and homology analysis of the DNA and protein sequences was performed using PSI-Coffee (tcoffee.crg.cat/apps/ tcoffee/do:psicoffee) and MUSCLE (www.ebi.ac.uk/Tools/msa/muscle/). The phylogenetic tree was built using MEGA6 (Tamura et al., 2013) . The tree was inferred by using the maximum likelihood method with 1000 bootstrap replicates. The initial tree for the heuristic search was obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting the topology with a superior log likelihood value. The tree was drawn to scale, with branch lengths measured in the number of substitutions per site. All positions with less than 50% site coverage were eliminated.
Quantitative PCR
Total RNA was prepared from fruit tissues using Plant RNA Purification Reagent (Life Technologies). Possible genomic DNA contamination was removed by DNase treatment (Qiagen, www.qiagen.com) and RNA was purified using GeneJET Plant RNA Purification (Fermentas, www. fermentas.com). Absolute quantification was generated using a standard curve. Quantitative PCR was performed with a StepOnePlus real-time PCR system using Power SYBR Green RNA-to-C T 1-Step Kit (Applied Biosystems, www.appliedbiosystems.com). The oligonucleotides used are listed in Supplemental Table 4 .
Transgenic Plants
Antisense constructs were made by cloning the full-length SlAAT1 isolated from S. lycopersicum cv. M82 into the plasmid pHKAS (Simkin et al., 2004 (Sun et al., 2006 ) using kanamycin as a selective agent. Volatiles from the fruit of the control (cv. Flora-Dade) and transgenic plants were collected as described below. The phenotypes were heritable across multiple generations. Gene expression and volatile analysis was performed on fruits from the T2 generation. S. pennellii accumulates a large amount of ester volatiles, while the content remains low in tomato.SpAAT1 is more efficient overall in ester synthesis and prefers different alcohols than SlAAT1. SlCXE1 is highly expressed in tomato resulting in a rapid conversion back to the alcohol pool. The low expression rate of SpCXE1, illustrated by a dashed line, prevents significant degradation of the esters in S. pennellii.
Volatiles Collection and Analysis
Volatiles were collected from chopped ripe fruits during a 1-h period as previously described (Tieman et al., 2006) . The volatiles were trapped on a divinylbenzene resin (SuperQ) and eluted with methylene chloride using nonyl acetate as an internal control. The samples were separated on a DB-5 column (Agilent, www.agilent.com) and analyzed on an Agilent 6890N gas chromatograph. Retention times compared with known standards and the identities of the volatile peaks were confirmed by gas chromatography-mass spectrometry (GC-MS) (Agilent 5975 GC-MS, www.agilent.com).
Cloning and Preparation of Recombinant Proteins
Full-length coding sequences of SlAAT1 and SpAAT1 were amplified by PCR from fruit cDNA of S. lycopersicum cv. M82 and S. pennellii (LA0716). The products were cloned into pENTR/D-TOPO vector (Life Technologies). After verifying the sequences, SlAAT1 and SpAAT1 were transferred into the destination vector pDEST15 (Life Technologies, www.lifetechnologies.com) using LR Clonase II enzyme mix (Life Technologies, www.lifetechnologies.com). E. coli BL21 Star (DE3) (Life Technologies, www.lifetechnologies.com) was co-transformed with pDEST15-AAT1 and the chaperones encoding plasmid pKJE7 (TaKaRa, www. clontech.com/takara). Cells were grown in 23 Luria-Bertani broth supplemented with 100 mg/ml carbenicillin, 20 mg/ml chloramphenicol, and 0.1 mg/ml l-arabinose at 37 C until the OD 600 reached 0.6. Isopropyl b-d-1-thiogalactopyranoside was added to the medium at a final concentration of 1 mM to induce AAT1 expression. After induction for 5 h at 18 C, the cells were harvested by centrifugation. Following cell lysis with B-PER Bacterial Protein Extraction Reagent (Thermo Scientific, www.thermoscientific.com), GST-fused AAT1 proteins were purified using Glutathione Sepharose 4B (GE Healthcare, www.gelifesciences. com) according to the supplier's recommendations. Part of the aliquot was subjected to polyacrylamide gel electrophoresis and proteins were visualized with Coomassie brilliant blue staining. Concentrations of AAT1 proteins were determined by densitometry using bovine serum albumin as a standard.
Enzymatic Assay
The acetyltransferase activity of recombinant proteins was assayed using 14 C radiolabeled acetyl-CoA (PerkinElmer, www.perkinelmer.com). Preliminary assays were done to determine the optimum pH and temperature for the activity. Since both enzymes showed maximum activities against several alcohol substrates at pH 8.2 and 30 C, all subsequent assays were performed under these conditions. The assays were done in a total reaction volume of 200 ml with 50 mM Tris-HCl (pH 8.2), 100 ng of GST-AAT1, radiolabeled [acetyl-1-14 C]acetyl-CoA (0.37 kBq, 0.167 nmol), and a variable amount of non-labeled acetylCoA (1-100 mM) or alcohol (0.1-50 mM). For the specific activity of the alcohols, 0.01 mM of acetyl-CoA was used with 5 mM of each alcohol. The reaction mixture was incubated at 30 C for 20-60 min depending on the velocity of the enzyme activity. Esters were extracted with 800 ml of hexane. The hexane phase was mixed with 4.5 ml of scintillation cocktail and analyzed by a scintillation counter. The specific activities for the different acyl-CoAs was measured with a reaction mixture consisting of 50 mM Tris-HCl (pH 8.2), 20 mM 2-methyl-1-butanol, 10 mM acyl-CoA, and 100 ng of GST-AAT1 in 400 ml. After 20 min incubation at 30 C, the esters were extracted with 120 ml of methylene chloride containing nonyl acetate as an internal control, followed by analyses with GC and GC-MS for quantification and verification of the products, respectively, as described above. All the assays were done in triplicate.
Protein Modeling
Computer modeling of the protein structure was performed using the I-TASSER server (Roy et al., 2010) . Protein visualization and rendering was done using the USCF Chimera package (Pettersen et al., 2004) . The solvent channel was visualized using CASTp (Dundas et al., 2006) .
Statistical Analysis
Unpaired Student's t-test was used for two sample comparisons. For multiple comparisons, analysis of variance was performed followed by a Newman-Keuls test. The level of significance is indicated in each figure.
ACCESSION NUMBERS
Sequences of SlAAT1 (Solyc08g005770), SlAAT2 (Solyc08g005760), SlAAT3 (Solyc07g049660), SlAAT4 (Solyc07g049670), SlAAT5 (Solyc05g 015800) are accessible in the Sol Genomics Network database (Bombarely et al., 2011) . The accession numbers of the discarded pseudogenes are Solyc05g015770, Solyc05g015810, Solyc08g005750, and Solyc11g020640. The sequences of SpAAT1 and SlAAT1 can be found in the GenBank/EMBL data libraries under the following accession numbers: KM975321 (SpAAT1), and KM975322 (SlAAT1).
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